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1.1 Introduction 

The previous muon beam at Fermilab was obtained by 

redirecting the secondaries from the neutrlno target without 

attempting to refine the resulting muon beam. This non-dedicated 

muon beam presented the experimenter wfth several non-negligible 

problems - Upon considering the physics aims of the Tevatron era, 

It was deemed necessary to construct a new muon beam which would 

be designed specifically to meet the desired goals. The first 

attempt’ to design a high lntens ity Tevatron muon beam was 

undertaken by R. Evans et al. Much useful information was 

contained in that study, particularly concerning halo spoilers, 

and served as a basis for the present work. 

Presently there are two Tevatron muon experiments with stage 

II approval. Of the two approved experiments; one (E640)2 will 

involve the Multimuon Spectrometer and the other (E665)2 will 

combine the superconducting Chicago Cyclotron Magnet with the 

European Muon Collaborations Vertex Detector (Streamer Chamber 

within a superconducting magnet plus associated counters)- 

Integrating the requirenents of the tuo proposals, the muon beam 

must have the following capabilities. 

1. Intensity (p+) 2 3.0 x lo6 / beam spill sec. at x L 0.5, 
where x - E,,!Proton energy. 

2. Halo*p / Beam u less than 0.1 at the experiment 



3. Incoming muon momentum known to within 0.5% by momentum 
tagging. 

4. Hadron contamination within the muon beam c 10’7 

5. Limited spatial and momentum spread of the beam at the 
experiment. 

Furthermore, to enable the precise measurment ot the important 
weak-electromagnetic interference effects, as well as to study 
polarized v - polarized N interactions: 

6. For a given P,, the associated polarization {A) must be 
known to less than 0.1 (AA 5 0.1 over the range - 0.9 S A 
s 0.9). 

7. The intensity of the beam meeting requirement 6 must be 
maximized. 

With these goals in mind, and using the earlier results contained 
in TM-754 as a basis, a new beamline has been designed. 

* The definition of “halo” used in this report Is an untagged muon 
entering the detector within + 1.5 m of the nominal beam center. 
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1.2 me Beam Elements -- 

To describe the resultant solution, it is convenient to divide the 

beam into four major sections; i) pretarget, Ii) target and 

tront-end elements, iii) parent (decay) FODO and iv) muon FODO. 

It uaa determined that no single fixed beam configuration could 

meet all of the above requirements. However, a bimodel solution 

has been found which employs the Same parent and muon FODd’s and 

requires- mainly transverse movement ( S 8”) of the targeting and 

front-end elements. A switch Is Introduced in the pretarget 

section: which steers the protons into the targeting section when 

it is in either its high intensity (HI) mode or its precise 

polarization (POL) mode. Figure 8.1-l show the relative lengths 

of the sections of the beam as well as the layout with respect to 

the geography of the site. 

1.3 Pretarget 

The path of protons In the pretarget section is identical to that 

laid out in TM-796 (R. Evans & T. Kirk)3 up to a point in 

Enclosure G2. At this point, protons intended for the HI mode are 

bent 0.188 m Radian3 west (0 - -29.452) while protons for the POL 



mode are bent at 0.188 m Radians east (G = -29.828). Since there 

fs such a small angle between the proton paths uhen operatfng in 

one mode or the other, it seems economical to perform the mode 

switch with HUBEND which is located in G2. HUBEND 1s rotated 

about 16’, so a change in horizontal angle always lmplies a change 

in vertical angle. The vertical trim in G2 can be used to correct 

the slight vertical steerktg introduced when MUBEND is changed 

from one mode to the other. The protons continue along thetr 

respective path until 2 - 3620 where they enter the combfned 

pretarget - target - front-end enclosure MUHALL. A doublet 

consisting of 5 quadrupoles focuses the protons on the target 

located - 225 rt. downstream. These quadrupoles, as well as a 

vertical bend, which levels off the beam at Y - 733’, are utilized 

by both HI and PGL modes. 

For radiation safety reasons, this depth of 10 ft underground is 

raaintained for the complete beamline up to the expertmental hall 

W ’f.JB) l The pretarget section of the HI mode has, in addltlon, 

30 rt. of bend ubfch steers the protons 4.03 m Radians to the 

east to enable a match of the two modes at the start of the parent 

FODO'. The doublet quadrupoles are arranged FFDDD. This 

configuration mlnlmizes the divergence in the bending plane of the 

secondary beam and maxfmizes the spatial separation of the desired 

secondaries and the primary protons at the beam dumps. 



1w 1193 
2966.00 

-6- 

1 .4 Target and Front End Elements m-- 

The protons have now arrived at the targeting position: 

HI PGL 

X -45.559 -46.029 

2 3842.5 3842.5 

8 -33.483 m Radians -29.828 m Radians 

Note that the target assembly, which consists of the target 

followed directly by two bends .( 133 KG-m), must be movable. 

The First beam dump Is encountered after 34 feet of drift space. 

Off-momentum secondaries are dumped here as shown in Figure 8.1-2. 

All secondaries with AP/P less than -402 as well as the.primary 1 

Tev pro tons, for secondary tunes of x 5 0.6 are stopped at this 

point. The general scheme, for dumping the 1 TeV protons Is 

summarized in Figure 8-l-3. For 700 GeV the dump has to be 

retracted from its 600 GeV position. To increase the acceptance 

Ior low momentum tunes, it 1s also necessary to move it further 

away from the optic axis. The difference between the trajectories 

of the HI beam and the POL beam 1s - 3" at the upstream end of the 

dump and - 2” at the downstream end. Movement of the dump Jaws 1” 

to the east and 4” to the west from the nominal ax13 of the POL 

Beam Is sufficient to accomodate both beams. 
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Both modes now share the secondary gathering elements uhlch 

COn3iSt Of six quadrupole magnets arranged in a doublet (FFF DDD). 

This arrangement collects as many pions and kaons ln a3 large a 

momentum band as possible, It compares favorably uith the other 

major alternative, a triplet, because the magnlflcatlon in the 

doublet scheme Is similar to the magnification of the triplet 

scheme. The doublet scheme, which introduces strong bends 

directly after the target followed by a dump, has the additional 

feature of reducl ng the radlatlon absorbed by the qoadrupoles. 

This alleviates the problem of extra shfeldlng, surrounding most 

of the quadrupoles, and a long bathtub that the triplet scheme 

would require. 

The large j B dl immediately following the target, combined with 

the magnetic elements downstream of the dump causes the POL beam 

to have a double valued x vs p correlation at the mxnentum 

collimator. (See Figure 8.1-5) The low momentum band can be 

eliminated by making j B dl ior the first bends as large as 

possible and then making a cut on the low momentum side with the 

dump aperture. Uith the geometry of thfs beam, 17.5 kg in each of 

the first bends, and a dump that cuts particles greater than - 1” 

from the optic axis (on the low momentum side) is sufficient t0 

eliminate this second band. However, this is only true for parent 

ps.rtlcles; thfs passive dump 1s ineffective in stopping the muons- 

-7- 



Thus the second band will still be populated by muons that are 

produced upstream of the dump. Those muons that are accepted from 

one band will have different polarizations from those in the other 

band resulting in an increased 61. For the forward POL beam at 500 

GeV, the relative number of accepted muons from each band is 

heavily weighted in favor of the high momentum band and therefore 

affects A1 very little. However, the backward POL beam is quite 

different since the weighting becomes unfavorable. The high 

momentum band is nou being populated by 800 GeV parents, which are 

scarce when compared to 600 and 500 GeV parents, which populate 

the low momentum band. This leads to a significant increase in 

AA. The unwanted muons are eliminated by magnetically removing 

them from the acceptance with a magnetic collimator. The effect 

of the magnetic jaw at 15 kg and different field orientations is 

shown in Figure 8.1-6. The nwber of uncorrelated muons is 

significantly reduced when an east or west bending magnetic 

collimator is used. 

After the doublet, the beam operated in the HI mode is parallel 

and fs matched into the FODO. me POL mode is somewhat more 

complicated since a restricted momentum bite fs necessary. The 

gathering doublet serves, in thfs mode, to focus the secondaries 

on a collimator. The secondaries are subjected to 97 KG-m Of 

bend, located between the F and D elements of the doublet, to 
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fntroducee a large dx/dp component. A collimator located 235 feet 

from the bend point, in the first FODO enclosure, selects the 

require& momentum range. It was determined that to meet design 

goal 6, a L 0.8" slit would be sufficient. (See Figure 8.1-4) 

Along with the collimator, there 1s a second dump and a quadrwpole 

located in the first FODO enclosure. The 1 TeV protons are dumped 

here for secondary tunes of 0.6 S X ;I 0.8 in the HI mode and D .6 5 

X S 0.9 in the POL mode. The quadrupole is part of the FDDO 

channel in the HI mode and acts as a field lens in the POL mode. 

As shown in. Figure 8.1-7, the field lens is quite effective in 

capturing beam that would otherwise be lost. 

In attempting to devise a single Beamline’ which would optimize the 

flux and sattsry the design goals for the polarization 

measurements, it was found that wl th a secondary tune of 800 CeV 

the POL beam uith the collimator wide open gave only 36% of the 

flux of the HI beam while trying to use the HI beam as a polarized 

beam proved impossible ainoe there 13 insufficient dx/dp 

correlation resulting in a large AX no matter how small the 

collimator setting becomes. 
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1.5 Decay FODO 

The mat efficient way of transmitting a beam of particle3 over 

long distances with maximal transmission I3 via a periodic system 

referred to as a FODO. Both the ddecay E’DDO and the muon FODO 

COnSfat of single quadrupoles spaced at equal intervals and 

alternate focus, defocus, focus---etc. 

Three important lengths need to be fixed; the interquad length 

(L), the overall length (D) of the decay FDDO and the length of 

the muon FODO. In determining these lengths, the folfowing 

fat tors were considered : 

A. Decay length of 800 Cell T'S and k’s. 

B. Transmfssfon efficiency of tt& KID0 for a given Interquad 

length 
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C. Phase advance per cell (shape of the beam at the experiment). 

D. Halo at MULAB. 

E. The number of quadrupoles and enclosures. 

F. The physical posit ion3 of the various quadrupole 

enclosures and MULAB with respect to existing structures. 

There is a phase advance associated wi th each pair (FD) of 

quadrupoles in the beam line. Maximum transmission occurs for a 

phase advance of 76.5 O, houever, since we wish to recover the 

or fg lnal phase space of the beam at the end of the POD0 a simple 

fraction of 180° is preferable. For both beam3 there is a total 

phase advance of 540° between the beginning of the POD0 and the 

absorber. Since the POL mode ha3 one less magnet in its FODO than 

the HI mode, this requires a phase advance per cell of 60° for HI 

and 63.5O for POL. Keeping the total phase advance at the 

absorber a multiple of 180° assures a minimum spot size in the 

beam. The anraller the spot on the absorber’, the less the multiple 

- 11 - 

scattering increases the beam phase apace, and the larger the flux 

at HULAB. Once the .choice of phase advance has been made, there 
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13 a given relation between the field strength of the quadrupoles, 

the interquad distance and the momentum of the transmitted 

particles. Using the HI front-end the efficiency of the FODO In 

tran3mltting off momentum partfcles 1s shown in Figure 8.1-8. 

The importance of factor (B) above is displayed in Figure 8.1-9. 

With the maximum field of the 4Qt 20 quadrupoles, the interquad 

distance 13 143 ft. and the transmission is maximum. The 

efficiency has dropped only by 5% for L-200, but then it drops 

rapidly until La500 when it starts to level off again. The dashed 

curve in Figure 8 .l-9 correspond3 to the case where the interquad 

distance of the muon FODO (L ) is held at 200 ft. while the L 

for the parent FODO 13 allowed to vary. Large losses are found to 

occur at the match point. 

Once declslons are made on B and C, the length of the muon FODO is 

determined mainly by cost and j B dl. The shape of the beam at 

HULAB is required to be larger horizontally than vertically since 

the upstream experiment takes picture3 of events occurring in the 

hor izontal plane. It is therefore natural to make the Lab 

position an extension of the FODD lattice, putting it at an “F” 

locat ion. 

- 12 - 
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After studying all of the above factors, the length of the decay 

POD0 was chosen to be 3600' and Lx - L,, - 200’ . At the end of the 

decay PODO, there is an absober /dump to absorb all hadrons 

(including the 1 TeV protons for Pxk > 800 GeV tunes) consisting 

0r 40 rt. of beryllium, 20 ft. of which is inserted in a large 

aperature bending magnet. The bend allows the choice of momentum 

bite in Ap/p of the muons reaching HULAB. It is also important 

that the absorber be placed at a VP position in the FODO lattice. 

The introduction of a horizontal bend at the same location gives a 

much higher yield than placing it at an “Fw position. 

1.6 Muon POD0 -- 

Tn addition to the straight forward function of conveying muons 

from the absorber to the HULAB, the muon KID0 serves the very 

crucial purpose of wcleanslngw the muon beam which eventually 

- 13 - 

reaches the experiments, The well collimated muon beam, for which 

the momentum is known to within 0.5%. is surrounded by a halo of 

muons with unknown momentum which could saturate the experiments 

with useless interactions. These unwanted muons must be 

eliminated In order to provide an efficient beam. 
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Due to the nature of this halo, lt is impossfble to absorb it. 

Rather, a way has been found to create a sharp mgnetic edge which 

surrounds the muon beam and forces the halo radially outward away 

from the beam center. Two types of halo spoilers are employed: 

conventional toroids and *mupipe”, The dimensions of the 

conventional toroids were optimized with the aim of using the 

toroids available on site where possible. The best results were 

obtained by using 30’ of the 68” diameter toroid most of which 

already exists, plus 20’ of 120” diameter toroid which must be 

built. A more complete list of various toroid conffguratlons 

using a variety or radii 1s in Appenix III. -To emphasize the 

necessity of the 120” diameter toroid, if it Is replaced by more 

68” diameter toroid, regardless of length, the halo to beam ratio 

increases by a factor of 1.8. 

Hupipe Is cold rolled pipe, the dimensions of which have been 

chosen to mast efffcfently rid the beam of halo. A large current 

(3-5kA) is fed onto the inner surface of the pipe at one end and 

returned from the other end via a cable. The pertinent dimensions 

- length, inner radius, and wall thickness - were determined using 

the program HAL04. Of the three dimensions, it wa3 found that the 

length of the pipe was only weakly correlated to the other two 

dimensions while the most sensitive was the wall thickness. The 

inner radius was chosen so as to cut minimally lnto the beam and 

- 14 - 
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to provide some shadowing for the following beam elements. Arter 

studies (SUwt=ized in Figure 8.1-10) the length and wall 

thickness were chosen to be 30’ and l .25R respectively. The 

furthest upstream mupipe has an OD of 7” and an ID of 4.5”. the 

other three have an OD of 7 112” and an ID of 5.0. If the first 

is made the same as the other three, the halo increase from 5.3% 

to 6.5X. The 30’ length gives a safety factor in the area cleared 

of halo at the experiment and the thickness Is readily available 

from commercial manufacturers and need not be a special Order. 

For fine tuning of the halo to beam ratio, the second and third 

30’ lengths of mupipe will be divided into four 15’ lengths, each 

of which will be movable in the plane perpendicular to the beam. 

Table I shows the effectiveness of each of the mupipes. Figure 

8.1-11, progressing f’rom no spoilers to Just toroids to toroids 

plus mupipe, demonstrates the efficiency of the halo spoilers. 

The introduction of toroids plus mupipes has reduced the halo/beam 

ratio by an order of magnitude. 

The won tagging process begfns with a bend located midway between 

the last quadrupole enclosure and the experimental building 

(MULAB). The bend (73.15 KG-H) is in the same direction as the 

bend at the absorber and serves to cancel some of the dispersion 

introduced at the “absorber bend”. Pu is measured to an accuracy 

of 0.5; by using WCPs with a I/2 mm wire spacing. 

-15- 
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1 .T Further Considerations 

The radiation due to the muon beam at the site boundary (2 - 

16500) and at KESS creek (2 - 12800) were estlmated using HALO. 

The elevation as a functfon of 2 in Figure 8.1-12 shows that beam 

elevation is above ground level for - 1500 ft in the vicinity 

where the beam crosaea Kress Creek. For a flux of 1 O8 muons per 

cycle and expected doubler operation of 60 seconds per cycle, 100 

hours per week, 25 weeks per year, we obtain radiation rates of 

0.01 mrem/hr at the Creek and 3 mrem/yr at the site. boundary. 

1.8 Yield 

The last important factor in determining the yield of the beam in 

its two modes and various tunes is the relationship between flux 

and the momentum spread of the muona (AP/P). As mentioned, the 

des f red muon momentum band is selected at the absorber bend. 

Figure 8. l-f 3 shows the muon momentum spectra for the HI mode 

tuned for maximum PV and for B - 8KG at the absorber bend Figure 

8.1-l 4 shows the beam profIle at the proposed target position in 

MULAB. The FM94 is‘ - 2 inches in x ahd 1 inch in y. The beam 

divergences at this point is <y’> - .OOl PIT with FWHM - 0.55 mr 

and, in cne bend plane, <x*> - -0.58 mr wfth FWM - 1.2 PD’. The. 

- 16- 
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momentum spectra for the POL mode tuned for forward heliclty 

(Pr/P~ - 500/500 GeV) and backward helicity (8001500) fs displayed 

in Figure 8.1-15 and 8.136. The corresponding dependence of the 

polarization (A) on P is also shown. 

Although the beam has been designed and optimized to yield maximum 

intensity and low halo at high P , there is considerable interest 

fn operatlng the beam at lower energies to match ‘wfth existing 

data. It was found that for PU tunes down to 100 C&V, both modes 

yielded afgntficant flux and satisfactory halo to beam ratios. 

The momentum spectra of the low energy tunes is shown in Figure 

8.1-17. 

-17- 

Table II summarizes the yields of some typical tunes of the two 

modes. 



I.9 Muon Laboratory 

The last item in the new Muon beam fs the Huon Laboratory Building 

shown in Figure 8.3-7. The building will contain two stories, one 

story a pit below grade approximately 60 ft by 250 ft, which will 

house the experimental apparatus. A second story at grade level, 

approximately 60 ft by 250 ft. covering the pit, will consists oi 

a high bay above grade utilizing structural steel frame and 

insulated metal aiding. A second portion of the above-grade 

structure approximately 20 ft by 250 ft will be divided into two 

stories and house light laboratories, counting rooms, and office 

space. 

One of the current experiments approved to operate in the new Muon 

Lab will use the Chicago Cyclotron Ebgnet fCCM) as a spectrometer 

magnet and will also use a vertex detector that had previously 

been used by the European Muon Collaboration at CERN . The other 

approved experiment will use the HultL-Muon -Spectrometer (HMS) 

that will be moved from the old Muon Lab. 
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Table I -- 

Elements 

All off 

1 err 

2 off 

3 off 

4 off 

1 L 2 err 

3 L 4 0rf 

All on 

H/B% 

20.0 + 1.0' 

9.7 + 0.8 

7.4 2 0.7 

11.8 + 0.8 

6.5 + 0.6~ 

11.4 + 0.8 

13.0 2 0.9, 

5.3 + 0.6 

Toroids on for all conditions above. 

*These are lower limits due to the fact that HAU3 models the 

toroids as havlng -a sharp magnetic edge. When mupipe 4 is off. 

this assumption is Invalid. 

Table II 

Mode P 
&v/c p&/c lQplPint 6'tt:c 

HI 800 720 3.9x10-5 600+70 

HI 500 450 3.5x10-4 405+60 

HI 300 270 6.6x10-4 250+40 

HI 100 90 1.9x10-4 90+20 

POL 800 450 2.6~10-~ 545+65 

POL 500 450 8.4xlo'5 425+55 

POL 800 720 5.2x10+' 655+79 

5.3+0.3 

3.7+0.2 

3.7+1. 

7.7+1.4 

8.5+2.2 

2.1+1.0 

2.6+0.5 

Comment 

B - 7.7 kG 

B- 4.8 kG 

B- 2.9 kG 

B - 0.96 kG 

-l<X<O; <AX> - .07 

O<X<l; <AX> - .08 

o<A<l; (AX> - 0.07 



M tt!Q 
2966.00 

-21- 
Appendix I 

Halo Spoilers (EQP) 

The beam contains two types of halo spoilers, toroids and mupipe. 

The toroids are of conventional design and have been used kn a 

previous FNAL experiment. The coils are wound around an iron 

toroidal yoke having inner radius 4.5w and an outer radius of either 

12”, or 60”. The nominal field is 18KG w f th an r dependence as 

shown fn figure 8.2-4. 

The muplpes are cold rolled steel pipes. The inner radius of the 

first 30’ is 2.W while the following 90’ (3 thirty foot sections) 

has inner radius 2.5”. In all cases the wall thickness is 1.25”. 

The ffeld in the steel is: 

a - inner radius 

b- outer radius 

Note that the rapaidy with which high fields are obtained close to 
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the inner surface of the pipe is directly proportional to the 

current (I) applied. The field as a function of r and I is 

displayed in Figure 8.2-5. The mtnfmum I is that whfch provides 

sufficient field to overcome multiple scattering. That is, once a 

halo muon enters the mupipe, it is not allowed to multfple scatter 

back into the aperture. It was found that the average B for those 

particles which overcame multiple scattering is IOKG. A mupipe 

(scraper) is shown in Figure 8.2-6. 
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List of Hodlficatlons used in Halo 

1. 44120 aperature was modeled to have an aperature inside the 
two ellipses: 

2. Hulttple Scattering was input for dE/dZ according to ??I 
786. 

3. The field map for the wide gap bending magnets (HRB4) was a 
main ring B2 field map with a 4" x 4' aperatwe. 

4. Parttcle production yields are based on FN 341. 

5. The magnetic field In the Inupipe a3 a fUfICtfOn Of the pipe. 
radius in meters is: 

17kg (-11.0968 + 194.*r) r L 0.0612 meter 

t?kg (0.35 + 7.24*r) r L 0.0612 meters 

6. Similarly the magnetic field in the toroids is: 

181cg (l.-2018*r + 0,0082*r*r) 



Appendix III 

If we assume that the maximum horlzontal aperture of t+he 
E665 detector is dictated by the time-of-flight hodoscope 
and drift planes just downstream of the CW then - 100” on 
either side of the beam should have minimum halo. The 60” 
vertical aperture originally assumed is sufficient. 

Figure 1 shows the growth oP the integrated halo/beam as a 
funct lon of the horizontal aperture (vertical aperture - 
*60” 1 for dlifferent torofd conPiguratiom3. Each 
configuration is described by the length of R-pipe &CR), 
length of r - 12” toroid, length of r - 34” toroid and 
finally length of r - 60” or 72” torold. 

Solution A Is what had been envisioned requiring the 
procurement of only the 10’ of 60” toroid since we already 
have the 12” and 34” toroid available on-site. Within the 
f 100” aperture, solution A is clearly unacceptable with an 
- 22% h/p ratio. Figure 2 displays the halo:beam ratio 
within the flO0” horizorital aperture as a Punctfon of the 
amount of steel which would have to be obtained: The curve 
seems to decend quite rapf dly unti 1 - 150 tons and then 
levels out. I would therefore propose that we adopt 
configuration F2 uhfch consists of 20’ of v pipe, 30’ of 
34” torold and 20’ of 60” toroid. Tnis solution requires 
-about a factor of two more steel than solution A but 
reduces the h/u ratio by almost a factor OP three. 
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Figure 8.1-Z 
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